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ABSTRACT
I present an empirical study of the properties of fast radio bursts (FRBs):
Gigahertz-frequency, dispersed pulses of extragalactic origin. I focus my investiga-
tion on the sample of seventeen FRBs detected at the Parkes radio telescope with
largely self-consistent instrumentation. Of this sample, six are temporally unresolved,
eight exhibit evidence for scattering in inhomogeneous plasma, and five display po-
tentially intrinsic temporal structure. The characteristic scattering timescales at a
frequency of 1GHz range between 0.005ms and 32ms; moderate evidence exists for a
relation between FRB scattering timescales and dispersion measures. Additionally, I
present constraints on the fluences of Parkes FRBs, accounting for their uncertain sky-
positions, and use the multiple-beam detection of FRB010724 (the Lorimer burst) to
measure its fluence to be 800± 400Jyms. FRBs, including the repeating FRB121102,
appear to manifest with a plethora of characteristics, and it is uncertain at present
whether they share a common class of progenitor object, or arise from a selection of
independent progenitors.
Key words: catalogues — methods: data analysis — pulsars: general — radio con-
tinuum: general — scattering
1 INTRODUCTION
A fast radio burst (FRB) may be broadly defined (cf.
Petroff et al. 2015; Keane & Petroff 2015) as a demonstra-
bly astrophysical, dispersed radio pulse, with a dispersion
measure (DM) that significantly exceeds any estimate (e.g.,
Cordes & Lazio 2002) of the Milky Way free-electron col-
umn density along its sightline. Implicit in this definition is
the condition that FRBs adhere to the cold, sparse plasma
dispersion law (e.g., Katz 2016). The identification of the
host galaxy of the repeating FRB121102 (Chatterjee et al.
2017) has confirmed the existence of extragalactic sources
of pulsed radio emission. Questions regarding the origins of
FRBs may therefore be framed in terms of what kinds of
sources, at what extragalactic distances, produce FRBs.
Twenty-four FRB detections have now been published.1
⋆ E-mail: vikram@caltech.edu
1 A catalogue of FRBs is maintained at
http://www.astronomy.swin.edu.au/pulsar/frbcat/
(Petroff et al. 2016).
Even among this small sample, the diversity of FRB prop-
erties is striking. FRB121102, the sole detection at the
Arecibo Observatory, is also the only known repeater. Addi-
tionally, different FRBs display markedly different propaga-
tion signatures; for example, the timescales by which FRBs
are temporally broadened during propagation by scattering
due to plasma-density inhomogeneities vary by four orders
of magnitude (Ravi et al. 2016). Third, as I shall show, even
among the sample of seventeen FRBs detected at the Parkes
telescope, the range of fluences spans three orders of mag-
nitude.
The primary goal of this paper is to homogenise the
inference of FRB properties among the Parkes sample (§2).
In particular, I focus on self-consistent estimates of FRB
fluences, DMs, intrinsic widths, and scattering timescales
and frequency-dependencies. Such measurements have been
compiled (and performed) by Petroff et al. (2016), and dis-
seminated through the online FRB catalogue. However, the
Bayesian parameter estimation and model selection frame-
work that I apply herein reveals some potential inaccura-
cies in previous results. I do not attempt to model FRBs
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with irregular temporal profiles (Champion et al. 2016). I
estimate the fluences of the Parkes FRBs by analysing the
sky-response model (Ravi et al. 2016) of the thirteen-beam
multibeam receiver (MBR; Staveley-Smith et al. 1996) used
to detect these events. The fluences of FRBs detected in
individual beams of the MBR may be bounded by making
use of their non-detections in other beams. Further, for the
multiple-beam FRB010724 (Lorimer et al. 2007), I better
constrain its fluence by applying the technique developed
by Ravi et al. (2016) for the multiple-beam FRB150807.
Various attempts have been made to infer characteris-
tics of the FRB population by inspecting the distributions
of FRB properties. Efforts have focused in particular on
FRB fluences, DMs and scattering timescales. Caleb et al.
(2016) and Li et al. (2016) have attempted to use quoted
fluences or fluence lower-limits to derive the cumulative flu-
ence distribution (the ‘logN-logF’) for FRBs, and thus test
for whether the FRB population is consistent with Galac-
tic, nearby extragalactic, or cosmological origins. However,
Vedantham et al. (2016) concluded that the FRB logN-logF
is best estimated by analysing the numbers of single- and
multiple-beam detections at Parkes, and by comparing de-
tection rates at different telescopes (see also Connor et al.
2016). Additionally, Katz (2016), Vedantham et al. (2016)
and Cordes et al. (2016) show that the distribution of FRB
DMs is difficult to draw conclusive inferences from. However,
Katz (2016) and Cordes et al. (2016) find that the combi-
nation of DM and scattering measurements may provide an
interesting probe of the characteristic host environments of
FRBs. Here, I use updated scattering measurements to re-
visit the analysis of Cordes et al. (§2.4), and find moderate
evidence for a relation between FRB DMs and scattering
timescales.
Finally, I discuss the possibility of multiple classes of
FRB (§4). I focus on the comparison between the Parkes
and Arecibo FRB surveys, which have been undertaken with
similar instrumentation, at similar frequencies, but with sen-
sitivities and sky-coverages that differ by more than an order
of magnitude. It appears possible that Parkes could already
have detected up to three repeating FRBs like FRB121102.
Using my analysis of the Parkes FRB sample, I speculate
on which FRBs may be expected to repeat. I also consider
whether all Parkes FRBs could be emitted by objects like
the source of FRB121102, and find that, if so, the popu-
lation must present an incredible diversity of properties. I
conclude in §5.
2 MODELLING OF FRB DATA
In the sub-sections below, I first describe the FRB data
that I model, including the pre-processing steps that I per-
form (§2.1). I then outline the different models that I at-
tempt to fit to the data, as well as the Monte Carlo Markov
Chain (MCMC) exploration of the model likelihoods and
the Bayes Information Criterion used to perform model se-
lection (§2.2). The results of the modelling in this section
Table 1. Properties of FRB detection instruments.
AFB BPSR
Centre frequency (MHz) 1372.5 1382.0
Filterbank Analogue Digital
(4-tap polyphase)
Channel bandwidth (MHz) 3.0 0.390625
Number of channels 96 1024
Integration time (µs) 125 64
Bits per sample 1 2
σi (Jyms) 0.14 0.11
are presented in Table 2, and discussed in detail in §2.3. I
outline the implications of my results for a possible relation
between DM and scattering strength in §2.4.
2.1 Description of data and pre-processing
Each Parkes FRB was detected in ‘filterbank’ data recorded
for each beam of the 13-beam 21 cm Multibeam re-
ceiver (the MBR). Filterbank data are total-power mea-
surements (Stokes I) in numerous spectral channels, in-
tegrated over sub-millisecond timescales. FRBs 010125
(Burke-Spolaor & Bannister 2014), 010621 (Keane et al.
2012) and 010724 (Lorimer et al. 2007), were detected in
data taken with the Parkes Analogue Filterbank (AFB;
Manchester et al. 2001), which performed the channelisa-
tion and integration steps prior to (one-bit) digitisation. The
remaining FRBs were detected with the Berkeley-Parkes-
Swinburne Recorder (BPSR) digital-spectrometer system
(Keith et al. 2010), with either ‘iBOB’ or ‘ROACH’ digital
signal processing cards developed by the Center for Astron-
omy Signal Processing and Electronics Research (CASPER),
with identical firmware implementations.2 Details of the
AFB and BPSR instruments are given in Table 1.
For all Parkes FRBs besides 131104 (Ravi et al. 2015)
and 150807 (Ravi et al. 2016), the raw filterbank data are
made available through the FRB Catalogue (Petroff et al.
2016). For FRB131104, I made use of raw filterbank data
that I have direct access to, which I make publicly available
with this publication. For FRB150807, I make use of raw fil-
terbank data made publicly available by Ravi et al. (2016).
The DSPSR package (van Straten & Bailes 2011) was used
to dedisperse the filterbank data and extract 2-second du-
ration PSRCHIVE-format (Hotan et al. 2004) data files at
the native time and frequency resolutions. Dedispersion was
done according to the published DMs for each burst, which I
term DMinit. For the BPSR data, channels 0 to 160 (1519.5–
1582MHz) were excluded in the analysis, because these fre-
quencies were attenuated in the analogue signal chain to
2 The open-source CASPER hardware designs and firmware are
described online at https://casper.berkeley.edu, and reviews of
current CASPER developments are detailed by Hickish et al.
(2016).
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exclude radio-frequency interference (RFI). No further RFI
excision was done. Persistent, narrow-band RFI did not sig-
nificantly affect the analysis both because of the level-setting
procedures of the AFB and BPSR instruments, and because
I also subtracted a mean off-pulse baseline level from each
channel in the 2-second datasets. Additionally, I searched
for significantly time-variable or exceedingly strong (com-
parable to the system temperature) narrow-band RFI by
inspecting the total-power variances of each channel in the
data, but found none at the 3σ level. I also found no signifi-
cant bursts of RFI (narrow- or broad-band) coincident with
any of the FRBs.
To accelerate further analysis, the dedispersed data
were averaged to four channels within the respective AFB
and BPSR bands. In each channel, the data were further
normalised by the off-pulse standard deviations at a fiducial
integration time of 1ms.
FRB010724 was detected in four beams of the MBR,
and saturated the 1-bit digitiser of the AFB in the primary
detection beam (beam 6; Lorimer et al. 2007). I therefore
analysed a dataset formed from the sum of the three other
detection beams (beams 7, 12 and 13).
2.2 Multi-frequency burst profile modelling
The pulse-modelling technique employed here closely follows
that employed by Ravi et al. (2015) for FRB131104. I used
a Bayesian technique to find model parameter values that
best fit the data, as well as their confidence intervals. This
technique fully accounts for covariances between model pa-
rameters, and allows for accurate parameter confidence in-
tervals in the case of non-Gaussian posterior distributions
to be presented. I used the emcee MCMC software pack-
age (Foreman-Mackey et al. 2013) to explore the full likeli-
hood spaces of the multi-frequency models given the data.
Following a burn-in stage, the joint posterior density of all
parameters was estimated with 48000 samples.
To select between models with varying numbers of free
parameters, the Bayes Information Criterion (BIC) was cal-
culated for each analysis. The BIC is given by −2 ln Lˆ +
k[lnn − ln(2π)], where Lˆ is the likelihood estimate for a
model with fully specified parameters, k is the number of
model parameters, and n is the number of measurements
being fit to. In accordance with common practise, I selected
the model with the lowest BIC, unless there was a model
with fewer free parameters with a BIC within three units of
the lowest BIC, in which case the model with the fewer free
parameters was selected.
The general statistical model that I adopt for the data
is outlined in the Appendix. Four specific models were con-
sidered, as described below.
Model 0. This model represents a pulse that is tempo-
rally unresolved by the instrument, such that the measured
shape at each frequency is set by the mean intra-channel dis-
persion smearing of a delta-function impulse. The contribu-
tion to the measured pulse width from the impulse response
of the instrument, quantified approximately as the inverse
of the channel bandwidth (Cordes & McLaughlin 2003), is
negligible, and I hence do not include it in the model. Given
a channel response function g˜(ν) (e.g., Equation A6), where
ν is the radio frequency, the dispersion-smeared temporal
profile of a delta-function impulse is given by writing ν in
terms of the corresponding dispersion delay (Equation 2 be-
low). The AFB and BPSR channel responses are both well
modelled by Gaussian functions. The model pulse profile in
a channel with frequency νi is given by
Si(t) =
ci√
2πσ2i,DM
exp
[
−(t− t0 − ti,DM)
2
σ2i,DM
]
, (1)
where t0 is a reference time at the highest frequency,
ti,DM = (4.15ms)DMerr[(νi/GHz)
−β − 1.582−β ] (2)
with β = 2, and
σi,DM = (1.622 × 10
−3ms)DM(νi/GHz)
−β−1. (3)
Here, DMerr is the deviation of the burst DM from that
assumed in the initial dedispersion of the filterbank data
(DMinit), and DM is DMinit+DMerr. The coefficients ci are
proportional to the burst fluences in each of the four fre-
quency channels (indexed by i), not accounting for the un-
certain positions of the FRBs within the Parkes response
function on the sky. Representative constants of propor-
tionality, σi, assuming beam-boresight positions are given
in Table 1 for the AFB and BPSR systems. I assume a
frequency-independent system temperature of 28K, a gain of
1.45 JyK−1, and digitization-loss factors of 0.798 and 0.936
respectively for the AFB and BPSR (Keane & Petroff 2015).
The model free parameters are therefore the four ci co-
efficients, t0 and DMerr. Note that the assumption of β = 2
implies that I assume cold, sparse plasma dispersion; no sig-
nificant deviations from β = 2 have been detected for any
FRB, and when relaxing this assumption I also did not find
any significant deviations. Although the constraining range
on β can be used to constrain the size of the dispersing region
(Masui et al. 2015), my work does not improve on existing
results, and I hence do not report that part of the analysis.
Model 1. This model is the same as Model 0, with the
modification of setting σi,DM to (σ
2
i,DM + ζ
2)1/2. Here, the
new free parameter ζ is an intrinsic burst width. I assume a
Gaussian intrinsic profile, in accordance with common prac-
tise in modelling the mean pulse profiles of pulsars (e.g.,
Yan et al. 2011). The quality of the data also do not permit
exploration of more complex profiles in most cases.
Model 2. This model extends Model 0 by including
the effects of temporal broadening due to scattering, clearly
detected in some FRBs with high signal-to-noise ratios,
such as FRB110220 (Thornton et al. 2013) and FRB131104
(Ravi et al. 2015). I account for scattering by convolving the
temporal profile in Equation 1 with a one-sided exponential
c© 2017 RAS, MNRAS 000, 1–17
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function:
si(t) = exp
[
t− t0
τ1GHzν
−α
i,1
]
, t > 0 (4)
= 0, otherwise. (5)
Here, νi,1 is the frequency of channel i expressed in units
of 1GHz. This form for the pulse-broadening function im-
plicitly assumes that the scattering medium can be well ap-
proximated by density inhomogeneities projected onto a sin-
gle thin screen (Cronyn 1970). However, none of the FRB
data have sufficient sensitivity to distinguish between this
and other subtly different forms (e.g., Williamson 1972).
The new free parameters are the characteristic broaden-
ing timescale at 1GHz, τ1GHz, and the index of frequency-
dependency, α.
In some cases, this model was preferred over all oth-
ers according to the BIC, but the value of α was poorly
constrained. In these cases, I assumed a value of α = 4 to
estimate τ1GHz, corresponding to the expectation for a nor-
mal distribution of plasma-density inhomogeneities. In one
other case (FRB140514), there was insufficient sensitivity
to distinguish between this model and Model 1. I assumed
Model 1 in this case.
Model 3. This model combines Models 0–2, including
the effects of both scattering and an intrinsic pulse width.
When no evidence was found for either an intrinsic burst
width or scattering, I set upper limits on their values by
evaluating the posterior distribution for Model 3 with the
scattering frequency-dependency index set at α = 4.
2.3 Results
I begin by walking the reader through the fitting process
for FRB110220, which was modelled by Thornton et al.
(2013) with a Gaussian profile convolved with an exponen-
tial scatter-broadened profile. By eye, Models 0 and 1 are
inconsistent with the data; this was confirmed by exceed-
ingly high BICs for these models. A fit of Model 2 to the
data resulted in a value of α = 3.6 ± 0.5, which is con-
sistent to within the error range with the Thornton et al.
(2013) value of 4.0± 0.4. It is difficult to compare my value
of τ1GHz = 11.4 ± 0.4ms with the width at 1.3 GHz esti-
mated by Thornton et al. (2013) (5.6 ± 0.1ms), given dif-
ferences in the fitted models and the measurement uncer-
tainties. Finally, to check whether any intrinsic width is de-
tectable, I conducted a fit of Model 3 to the data with α
set to a value of 4. The estimated posterior densities for
this model are shown in Fig. 1. It is evident both from the
shape of the marginalised posterior distribution in ζ, and
from a comparison of the BICs between Models 2 and 3 (the
BIC for Model 3 was three units greater than the BIC for
Model 2) assuming the best-fitting parameters, that there is
no evidence for an intrinsic width besides the DM-smearing
timescale. This result is also consistent with the findings of
Thornton et al. (2013).
Fig. 1 also serves to illustrate the levels of covariances
that I typically found between model parameters. These are
negligible. The scattering timescale, τ1GHz, is most covariant
with other parameters, in particular t0 and c1.
I show fits to data on thirteen of the Parkes FRB sample
in Fig. 2; details of the specific models and best-fit parame-
ters are given in Table 2. I show temporal profiles averaged
over the upper and lower halves of the respective observ-
ing bands (§2.1), after rejection of channels 0–160 in the
case of BPSR. I dedispersed the data using the DMs from
the original analyses of the FRBs (DMinit); in some cases,
significantly different DMs were derived (e.g., FRB010724;
Fig. 2 top-right panel). I do not show the results for FRBs
131104 and 150807, because they have been previously fit
using my technique (Ravi et al. 2015, 2016). Note that in
Table 2, the fluence coefficients ci are scaled to be in units
of σi-ms, where σi is the noise-floor standard deviation in
channel i in one millisecond (see Table 1).
The final two Parkes FRBs that are excluded from
Fig. 2, 121002 and 130729, could not be modelled using
any of Models 0–3. These FRBs are also excluded from Ta-
ble 2. This is because they both exhibit two temporal compo-
nents. I show the dedispersed dynamic spectra of these FRBs
in Fig. 3. Interesting spectral structure is also present in
FRB130729, which appears concentrated in the lower part
of the observing band.
2.3.1 Notes on individual FRBs
FRB010125: Burke-Spolaor & Bannister (2014) found a
width for this FRB of ζ ≈ 5ms, in excess of the DM smear-
ing timescale, although it was unclear from their analysis
whether this was intrinsic to the pulse or caused by scatter-
ing. By analysing the variation with frequency of the pulse
width, they claim a detection of scattering with α = 4.2±1.2.
This is also consistent with α = 3, which would simply cor-
respond to a DM-smeared pulse, as they did not appear to
account for DM smearing in their analysis of the frequency-
variation of the pulse width. My analysis suggests that this
was indeed the case: I find no evidence for temporal struc-
ture in FRB010125 besides DM smearing (Model 0).
FRB010621: In agreement with Keane et al. (2012),
the present analysis reveals no evidence for temporal struc-
ture in this FRB besides DM smearing. Although the Galac-
tic disk DM contribution along this low-Galactic-latitude
sightline is expected to be 534 pc cm−3, the expected scat-
tering timescale is only τ1GHz = 0.15ms (Cordes & Lazio
2002); this is well below our upper limit of τ1GHz < 3.9ms
(95% confidence).
Through an analysis of velocity-resolved Hα and Hβ ob-
servations of the Galactic interstellar medium (ISM) along
the burst sightline, Bannister & Madsen (2014) concluded
that previous estimates for the Galactic disk DM contri-
bution were underestimated, and that this burst is in fact
Galactic (90% confidence). A potential problem for this
hypothesis is my upper limit on the scattering timescale.
Bannister & Madsen (2014) predict a scattering timescale of
c© 2017 RAS, MNRAS 000, 1–17
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Figure 1. Posterior density estimates for a fit of Model 3 to data for FRB110220, assuming α = 4. The parameters of the fit were ζ
(Zeta), t0 (t0), DMerr (DM err), τ1GHz (Tau 1GHz), and c1 to c4 (c1 – c4). Estimated marginalised posterior densities in each parameter
are shown as histograms of samples of the posterior, and joint densities between all pairs of parameters are shown by shading and contours.
48000 samples of the posterior were obtained.
≈ 2.4ms in the observing band, corresponding to τ1GHz ≈
8.5ms, which is excluded by my upper limit. On the other
hand, the relation between DM and τ1GHz in the Galaxy
has a large intrinsic scatter (0.76 dex; Cordes et al. 2016).
Nonetheless, for a Galactic sightline with the DM of the
burst (746 pc cm−3), the burst would have to be under-
scattered by a factor of ≈ 2.5σ. This could be because signif-
icant amounts of DM are contributed by higher-density gas
surrounding the source or hot ISM with weak density fluc-
tuations, or that the scattering is dominated by localised
clumps rather than the bulk ISM (Cordes et al. 2016).
FRB010724: I find moderate evidence for both an in-
trinsic width and an exponential scattering “tail” in this
FRB. The present analysis differs from that of Lorimer et al.
(2007) because it uses the sum of data from the three non-
saturated beams, rather than data from the saturated beam
alone. Nonetheless, my estimates of the scattering timescale,
τ1GHz = 25 ± 5ms, and index, α = 6.4 ± 1.7, are consis-
c© 2017 RAS, MNRAS 000, 1–17
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Figure 2. Data (thin black lines) and model fits (thick blue and red lines) for a selection of FRBs. In each panel, the top and bottom
curves (corresponding to the blue and red dashed lines respectively) are the mean temporal profiles of the FRBs in the upper- and
lower-frequency halves of the observing bands, respectively. The relative flux-density scales between the temporal profiles in the two
bands are normalised to the respective noise levels; the uniform frequency-response of the Parkes multibeam system implies that the
temporal profiles in the two bands are on approximately the same absolute amplitude scale. Details of the exact bandwidths are given
in the text, and details of the model fits are presented in Table 2.
c© 2017 RAS, MNRAS 000, 1–17
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Table 2. FRB properties. Errors in the last significant figures are given in parentheses.
FRB DM (pc cm−3) τ1GHz (ms) α ζ (ms) c1 (σ1) c2 (σ2) c3 (σ3) c4 (σ4) Best model
010125 792.3(1) < 9.6 − < 1.25 38(4) 54(5) 56(4) 76(5) 0
010621 745.9(2) < 3.9 − < 1.4 36(4) 31(4) 42(5) 58(5) 0
010724 362.7(1) 25(5) 6.4(1.7) 2.4(3) 45(4) 53(4) 78(5) 75(5) 3
090625 899.14(6) 5.2(5) 4(1) < 0.2 11.5(7) 8.2(6) 9.9(7) 6.6(7) 2
110220 944.83(5) 11.4(4) 3.6(5) < 0.2 63(2) 53(2) 48(2) 76(2) 2
110626 723.3(4) < 0.57 − < 0.46 4.5(7) 5.1(6) 5.2(9) 4(1) 0
110703 1104.1(5) 32(1) − < 0.71 8(1) 20(2) 19(2) 12(2) 2
120127 554.22(3) < 1.53 − < 0.18 1.1(3) 1.9(3) 3.2(4) 4.8(4) 0
130626 952.01(5) 2.8(4) − < 0.52 5.1(5) 5.3(5) 6.6(6) 5.8(7) 2
130628 469.98(1) < 0.23 − < 0.04 2.4(1) 2.1(1) 1.8(1) 1.5(2) 0
131104 778.5(1) 15(2) 4.4(8) < 0.18 11.9(6) 12.5(6) 10.5(6) 8.0(6) 2
140514 563.8(6) < 6.1 − 1.2(1) 7(1) 8(1) 14(1) 16(1) 1
150215 1106.8(3) < 0.47 − 0.7(1) 6.1(7) 5.7(7) 7.0(8) 5.6(7) 1
150418 775.84(1) 0.12(1) − < 0.05 1.37(6) 1.44(7) 1.57(7) 1.30(8) 2
150807 266.5(1) < 0.08 − < 0.04 1.1(1) 3.58(9) 12.6(1) 12.1(1) 0
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Figure 3. Dedispersed dynamic spectra of FRBs 121002 (left) and 130729 (right), for which Models 0–3 were insufficient. In both cases,
two temporal components are evident. The dynamic spectra have been interpolated using a bicubic spline fit. As with Fig. 2, the data in
each spectral channel have been normalised to the respective noise levels; the colour-scale therefore represents the signal to noise ratio
(S/N) in linear units.
tent with those of Lorimer et al. (2007) (24.13 ± 3ms and
4.8 ± 0.4 respectively). I also revise the DM estimate from
375 pc cm−3 to 362.7 ± 0.1 pc cm−3.
FRB110703: Unlike the analysis of Thornton et al.
(2013), I find moderate evidence for the presence of a sig-
nificant scattering tail in this FRB (τ1GHz = 32 ± 1ms).
However, a constrained value for α cannot be determined,
and I hence assume α = 4.
FRB130729: Like FRB121002, this burst has two
temporal components. Unlike FRB121002, FRB130729 also
has a discontinuous spectrum (Fig. 3), with most power con-
centrated in the lower part of the band. It is unclear whether
the scattering timescale derived by Champion et al. (2016)
for this FRB is real, or is attributable to the unusual tem-
poral and spectral structure.
FRB130628: Unlike Champion et al. (2016), I find no
evidence for a scattering tail in this FRB, or for any struc-
ture beyond that described by Model 0. Indeed, my upper
limit on the scattering timescale, τ1GHz < 0.23ms, is well
below the previous estimate of τ1GHz = 1.24± 0.07ms.
FRB140514: For this FRB, Models 1 and 2 had equiv-
alent BICs. I hence choose Model 1 for this FRB, and thus do
not find any evidence for the existence of scattering, unlike
Petroff et al. (2015). Along with FRBs 121002 and 130729,
this is one of the few FRBs to exhibit temporal structure
beyond Model 0 with no clear evidence of scattering. It also
has a mildly inhomogeneous spectrum, as indicated by the
ci coefficients in Table 2.
FRB150215: In agreement with Petroff et al. (2017),
c© 2017 RAS, MNRAS 000, 1–17
8 Vikram Ravi
Figure 4. Measurements of DME and τ1GHz for FRBs in Ta-
ble 2: cases where τ1GHz is measured are shown as blue cir-
cles with error-bars, and upper-limits on τ1GHz are indicated by
downward-facing red arrows. I also show measurements for the
Green Bank Telescope FRB110523 (Masui et al. 2015) as a large
green square. The solid and dashed lines indicate the Galactic
τ1GHz-DM relation and its intrinsic scatter, respectively, derived
by Cordes et al. (2016). The black squares show pairs of measure-
ments of DM and τ1GHz for Milky-Way pulsars from the ATNF
pulsar catalogue (Manchester et al. 2005). All pulsars with pub-
lished measurements of τ1GHz are included here.
I find evidence for a larger temporal width than is expected
in Model 0, which appears to be intrinsic to the burst.
FRB150418: In contrast to the analysis of
Keane et al. (2016), I find that this FRB exhibits a weak
scattering tail, with a timescale of τ1GHz = 0.12 ± 0.01ms.
The value of α cannot be constrained.
FRB150807: This FRB was modelled using similar
techniques by Ravi et al. (2016). No evidence was found
for any temporal structure beyond Model 0 in either the
previous or present analysis. Although I present an up-
per limit on τ1GHz in Table 2, in the analysis below I
use the value inferred from the frequency-scintillations of
1.6 ± 0.8µs (Ravi et al. 2016) at 1.3GHz, corresponding to
τ1GHz = 4.6± 2.3µs.
2.4 Astrophysical implications
As foreshadowed in the Introduction, an immediate utility
of my quantitative results is to investigate the scattering
strengths of FRBs at different DMs. I have only marginally
adjusted the FRB DMs, and, as shall be shown in the follow-
ing section, the fluence constraints for most FRBs are not
tight enough to enable a rigorous analysis of the distribution
of FRB fluences.
A relationship between the scattering timescale, τ1GHz,
and DM is firmly established for Milky-Way pulsars over
three orders of magnitude in DM, and eleven orders
of magnitude in τ1GHz. The large intrinsic scatter of
0.76 dex, and the steeper slope of the relation at DM &
100, are interpreted as evidence for clumpiness in the
ionised ISM (Cordes et al. 1991, 2016). Motivated by the
strong evidence for scattering in FRB110220 presented by
Thornton et al. (2013), the possibility of a τ1GHz-DM rela-
tion existing for FRBs putatively scattered in the intergalac-
tic medium (IGM) was first considered by Lorimer et al.
(2013). However, the possibility of any significant scatter-
ing in the IGM was disputed by Macquart & Koay (2013)
and Luan & Goldreich (2014), based on their assessments of
IGM turbulence.
The existence of a τ1GHz − DME relation for FRBs,
where DME is the estimated extragalactic DM component
for a given FRB, would thus imply that FRBs are predom-
inantly scattered in the ionised medium that dominates the
DME values. For example, if DME is typically dominated by
contributions from the IGM, it would be possible that FRBs
are predominantly scattered in the IGM or in intervening
bound systems. On the other hand, if DME is typically dom-
inated by host-galaxy contributions, a τ1GHz−DME relation
would reflect the typical DM-τ1GHz relation in FRB host
galaxies. The lack of a τ1GHz − DME relation would imply
that the medium that dominates the DME-values does not
significantly scatter FRBs.
Cordes et al. (2016) compared existing measurements
of FRB scattering timescales with a revised τ1GHz-DM re-
lation for Milky-Way pulsars. No evidence was found for a
τ1GHz − DME relation for FRBs. However, it was shown
that FRBs are typically under-scattered in comparison to
their values of DME , relative to Milky-Way pulsar scattering
timescales at congruent values of DM. This was interpreted
either as an indication that 50 − 75% of DME is typically
contributed by the IGM, or that FRB host galaxies have
ISMs that are typically less turbulent than the ISM of the
Milky Way. The possibility of FRBs being predominantly
scattered in the IGM was thought less likely owing to the
large levels of scattering present relative to expectations for
the IGM (e.g., Macquart & Koay 2013), and the lack of a
τ1GHz −DME relation.
The discovery of FRB150807 (Ravi et al. 2016), how-
ever, significantly extended the range of FRB scatter-
ing timescales. Although not detectably temporally broad-
ened due to scattering, this FRB exhibited frequency-
scintillations that indicated a scattering strength much
greater than that expected from its Milky-Way sightline
(Shannon et al., in preparation). The combined measure-
ments of low scattering and low Faraday rotation-measure
indicated that this FRB was most likely not scattered in ISM
with turbulence and magnetisation like that of the Milky
Way. However, constraints on the distance to the source of
FRB150807 suggested that a significant portion of its DME
originated in the IGM.
Using my revised measurements of DM and τ1GHz for
the Parkes FRB sample (Table 2), I plot τ1GHz against
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DME in Fig. 4. I also show measurements for FRB110523
(Masui et al. 2015) discovered at the Green Bank Telescope
in the 700-900MHz band. For each FRB, I estimate DME
by subtracting the maximum Galactic-disk DM predicted
by the NE2001 DM model (Cordes & Lazio 2002) along the
FRB sightline, and by further subtracting a contribution of
30 pc cm−3 corresponding to the Milky Way ionised-gas halo
and the Local Group (e.g., Gupta et al. 2012; Dolag et al.
2015). In Fig. 4, I also plot the Milky Way τ1GHz-DM rela-
tion derived most recently by Cordes et al. (2016), and pairs
of measurements of τ1GHz and DM for Milky-Way pulsars
from the ATNF pulsar catalogue (Manchester et al. 2005).
First, Fig. 4 supports the finding of Cordes et al. (2016)
that FRBs are under-scattered with respect to their values
of DME. This is despite the differences in the actual mea-
surements, and in the compositions of the samples, between
the two analyses. Relative to the Cordes et al. analysis, I dis-
card FRBs 121002 and 130729 due to their complex tempo-
ral and spectral structures, which may have biased previous
scattering measurements, but include the new FRB150807
and its value of τ1GHz based on the frequency-scintillations.
The exclusion of FRBs 121002 and 130729 may bias infer-
ences from Fig. 4, because our ability to discern the complex
temporal structure relies on them not being strongly scat-
tered. However, any upper limits that could be placed on
their scattering timescales would correspond approximately
to the narrowest features in the burst profiles (i.e., a few
milliseconds at ∼ 1.3GHz; see Fig. 3). These in turn would
be approximately consistent with existing measurements in
Fig. 4.
Fig. 4 provides tentative indications of a relation be-
tween τ1GHz and DME for FRBs similar to that for
Milky-Way pulsars. If FRB010724, which has the largest
τ1GHz/DME ratio among the FRB sample, is excluded, the
τ1GHz − DME relation appears somewhat stronger. Using
the BIC, I quantify the evidence for a τ1GHz − DME rela-
tion by comparing linear models for the DME and τ1GHz
measurements, with, and without, a dependency of τ1GHz
on DME. Consider the log-likelihood function
L =
∑
i
[
− log(ǫ2i + ǫ
2)−
(log10 τ1GHz,i −Mi)
2
2(ǫ2M,i + ǫ
2)
]
(6)
where Mi = m log10DME,i + b is a log-linear model for the
τ1GHz−DME relation with parameters m and b and intrin-
sic scatter ǫ, and DME,i and τ1GHz,i are FRB measurements
indexed by i with error ǫi. I consider the difference in BIC
between the maximum of this likelihood function in the pa-
rameters m, b and ǫ, and the maximum of the likelihood
function with a fixed m = 0 (and hence one less parameter).
With the sample of eight Parkes FRBs with measurements
of τ1GHz, there is no significant difference in the BICs be-
tween the two models. However, with FRB010724 excluded,
the difference in BICs is 8, which I consider moderately
significant. The inclusion of the upper-limits on scattering
timescales does not significantly alter these results. For the
seven-FRB sample (excluding FRB010724), I findm = 7±2
and b = −19± 5; I emphasise that these results are likely to
change significantly as more scattered FRBs are discovered.
A τ1GHz−DME relation for FRBs is would not be par-
ticularly surprising, because it would simply imply that sig-
nificant portions of FRB DMs are contributed by a class of
medium that has a scattering strength which scales with its
column-density. It is well-established that the Milky Way
ISM is one such class of medium. It is generally thought to
be unlikely that FRBs are predominantly scattered in the
Milky Way itself, because they would lie along sightlines
of intolerably large τ1GHz for the Milky-Way DM contri-
butions. If FRBs were, however, scattered in host galaxies
like the Milky Way, approx. 75% of the typical FRB DM
must be contributed by an IGM that has a weak poten-
tial for scattering. This is difficult to reconcile with the re-
sults on FRB150807 (Ravi et al. 2016). Note further that
in this case a fair comparison between the Milky-Way DM-
τ1GHz relation and FRB measurements would require the
values of τ1GHz for Milky Way sightlines to be scaled up
by a factor of three (Cordes et al. 2016), to account for the
difference in scattering geometry between the Milky Way
(presumably a homogeneous scattering medium along the
line of sight), and FRBs scattered in host galaxies (scatter-
ing medium concentrated around the FRBs). Alternatively,
FRBs may instead be scattered in the IGM, or in intervening
bound systems, and experience negligible host-galaxy scat-
tering. An attempt to ascertain the necessary properties of
scattering regions in the IGM and intervening systems is be-
yond the scope of this work. The different scenarios for FRB
scattering will be tested when multiple scattered FRBs are
localised to individual host galaxies, and their distances thus
measured, such that the host and IGM contributions to the
DM may be separately estimated. In any scenario for the
dominant contributor of FRB DMs, a τ1GHz−DME implies
that more (cosmologically) distanct FRBs will be more dif-
ficult to detect.
3 FRB FLUX DENSITIES
Here, I quantify the constraints that may be placed on
FRB fluences based on an analysis of the Parkes MBR sky-
response. In §3.1, I consider what constraints may be placed
on the flux densities of FRBs detected in individual beams
of the MBR. Then, in §3.2, I constrain the location of the
multiple-beam FRB010724 in the Parkes focal plane using
a technique similar to that applied by Ravi et al. (2016) to
the dual-beam FRB150807. Third, in §3.3, I combine these
analyses with the fluence estimates presented in Table 2, and
compare the resulting FRB fluence constraints with various
specifications for the FRB fluence distribution (the logN-
logF).
3.1 Single-beam FRBs
The exact locations of single-beam FRBs within the sky-
response functions of the beams, Θ(θ, φ), are unknown. Here,
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Figure 5. The cumulative probabilities, P (> Θ), for FRBs being detected above different beam attenuation factors, Θ (see text for
details). From left to right, I show results for the central, an inner-ring, and an outer-ring beam of the Parkes MBR. I consider FRBs
detected with S/N of 10 (red line with filled circles) and 50 (blue line with crosses). The horizontal green lines indicate the 95th percentiles
of the distributions.
Θ(θ, φ) is the attenuation of the FRB due to an off-axis
position at polar coordinates, (θ, φ), in the focal plane; for
an on-axis feed, Θ(θ, φ) may be well-approximated by the
inverse of an Airy function. That is, the beam attenuation
factor is the inverse of the standard beam gain pattern. By
adopting models for Θ(θ, φ) for the Parkes receiver, and for
the distribution of FRB fluences, it is possible to evaluate the
probable beam-attenuations of FRBs detected in different
beams.
I used the model for Θ(θ, φ) for the Parkes MBR pre-
sented by Ravi et al. (2016). This analytic model was found
to be consistent with measurements at the −20 dB response
level. For each beam, I used the model to evaluate Θ(θ, φ)
on a grid of 1000× 1000 points spanning 3× 3 deg in θ and
φ. I averaged the model in frequency across the BPSR band
(1182 − 1519.5MHz); I did not find the results in this sec-
tion to vary significantly when instead using the AFB band.
Then, for the central, an inner-ring, and an outer-ring beam,
I derived the histograms of pixel-values of Θ(θ, φ) where the
FRB would not be detected with S/N > 3 in any other
beam; I considered S/Ns of 10 and 50 in the primary detec-
tion beams. These histograms provided initial estimates of
the probability density functions of Θ for FRBs detected in
individual beams of the MBR.
However, FRBs are not equally likely to be detected at
different fluences or flux-densities3: the specific distribution
3 In this context, fluence and flux density can be used inter-
changeably.
in these parameters is the logN-logF function. For a fluence
F , the number of FRBs expected at fluences > F is typically
modelled as a power-law: N(> F ) ∝ F−β, for some power-
law index β (e.g., Vedantham et al. 2016). For a uniform
distribution of FRBs in Euclidean space, β = 1.5. However,
based on the unexpected detection of multiple-beam FRBs
at Parkes (FRBs 010724 and 150807), Vedantham et al.
(2016) showed that the Parkes FRB sample is consistent
with 0.5 < β < 0.9 (90% confidence). I therefore adopted
β = 0.7, and scaled the Θ-histogram counts accordingly. Fi-
nally, I used the histograms to derive the probabilities of
detecting FRBs above given values of Θ (Fig. 5).
From Fig. 5, it is apparent that single-beam FRBs in
any beam are most likely to be detected with Θ < 5 (> 95%
confidence for S/N . 50). They are expected to be detected
with Θ < 2 with ≈ 80% confidence, suggesting that the con-
ventionally quoted FRB localisation accuracy of the FWHM
of the primary beam (e.g., Petroff et al. 2015; Keane et al.
2016) is only moderately efficacious. If the slope, β, of the
FRB logN-logF function were larger(smaller), the maxi-
mum likely value of Θ would decrease(increase). For higher-
significance FRBs, the maximum likely value of Θ would also
decrease, although only marginally so for FRBs detected in
outer-ring beams.
3.2 FRB010724 (the Lorimer burst)
As discussed above, FRB010724 was detected in four beams
of the Parkes MBR: the inner-ring beams 6 and 7, and
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Figure 6. The 99% confidence containment region of FRB010724 (blue contours) shown relative to the sky-response functions of beams
6, 7, 12 and 13 of the Parkes MBR. The colour-bars indicate the beam attenuation factors, Θ(θ, φ), at different positions in the Parkes
focal plane, in units of decibels.
the outer-ring beams 12 and 13. Following the technique
of Ravi et al. (2016), I use the relative S/Ns of the burst
in the different beams, and a model for the individual sky-
response functions of the beams, to constrain the position of
the burst in the Parkes focal plane. This in turn provides a
constraint on the flux-density of the burst. I defer an anal-
ysis of the localisation region on the sky of FRB010724 to
a future paper.
FRB010724 saturated the one-bit AFB digitiser for
beam 6, making it impossible to accurately measure the S/N
in this beam. Accurate measurements are however possible
for beams 7, 12 and 13. After averaging the data for these
beams over the AFB band, I smoothed each time-series with
a top-hat function of width 6ms, and estimated the peak
S/N in each beam. I ensured that the peak S/N in each
beam occurred at the same time. For beams 7, 12 and 13,
the S/Ns were 13.9, 5.5 and 22.1 respectively. Unlike the
analysis of FRB150807 by Ravi et al. (2016), I did not at-
tempt to use measurements at multiple frequencies because
of the relatively weak detections in these three beams.
I evaluated models for the sky-response functions of
each beam, averaged over the AFB band, using the publicly-
available codes presented by Ravi et al. (2016). The models
were evaluated, as above, on a grid of 1000 × 1000 points
spanning 3 × 3 deg in the Parkes focal plane. I then made
Monte Carlo realisations of the S/N in each beam, based on
the estimated S/Ns, to calculate a containment region. For
each realisation, I found points in the focal plane where the
ratios of S/Ns between beams 7, 12 and 13 were within a fac-
tor of four of the simulated measurements. I accounted for
the difference in telescope gain between inner- and outer-
ring beams. I rejected points where the burst would have
been detected with S/N > 3 in any of beams 1, 2, 3, 4, 5,
8, 9, 10 and 11, and also rejected points where the burst
would have been detected with a lower S/N in beam 6 than
in any other beam. Finally, I averaged the results over 1000
realisations. I note that this analysis places no prior on the
logN-logF function, unlike the analysis in §3.1.
In Fig. 6, I show the resulting 99% confidence contain-
ment region for FRB010724 in the Parkes focal plane. The
localisation is to approx. 50 arcmin2. This is substantially
worse than the 9-arcmin2 localisation of FRB150807. This
is most likely because I do not use measurements at different
frequencies for FRB010724, whereas measurements in four
sub-bands were used to localise FRB150807.
The results suggest that the S/Ns in beams 7, 12 and 13
should be scaled upwards by factors of 310± 180, 510± 140
and 80± 40, respectively. Based on the S/N measurements,
the fluence measurements for FRB010724 in Table 2 should
thus be scaled upwards by factor of 200 ± 100. Assum-
ing gains of 1.45 JyK−1 and 1.72 JyK−1 for the inner- and
outer-ring beams, a common system temperature of 28K
(Manchester et al. 2001), and a one-bit digitisation loss fac-
tor of 1.25 (Keane & Petroff 2015), the mean fluence of
FRB010724 within the AFB band is (800± 400) Jyms.
3.3 Astrophysical implications
The best utility of my revised fluence constraints for the
Parkes FRB sample is to consider the implications for the
logN-logF. I use the fluence estimates in Table 2 for all
FRBs besides 010724 and 150807, averaged over the fre-
quency bands, and the sensitivity parameters given above,
to derive minimum fluences for each FRB assuming bore-
sight positions in the detection beams. Using the results
summarised in Fig. 5, I also derive 95% confidence fluence
upper limits for each FRB. For FRBs 010724 and 150807,
I use the constrained 1σ fluence ranges that were derived
above in §3.2 and by Ravi et al. (2016) respectively, en-
abled by their multiple-beam detections. I collate the fluence
measurements to derive lower- and upper-limiting empirical
logN-logF distributions, which are displayed in Fig. 7.
In the Figure, I also show various logN-logF func-
tions of index −0.7, which was the value inferred by
Vedantham et al. (2016), and of index −3/2, which corre-
sponds to a uniform distribution of sources in Euclidean
space. In comparing the empirical distributions with the as-
sumed intrinsic power-law logN-logF functions, a number
of selection effects must be recognised. First, the data in
Fig. 7 are comprised of FRBs detected with both the BPSR
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Figure 7. Empirical logN-logF distribution for the Parkes FRB
sample that I model herein. The lower-fluence binned trace indi-
cates the minimum fluence values for each FRB, and the higher-
fluence binned trace indicates the maximum fluence values for
each FRB. The minimum fluences are derived assuming boresight
positions in the detection beams for most FRBs, and the lower
bounds on the 1σ fluence ranges for FRBs 010724 and 150807.
The maximum fluences are the 95% confidence upper limits on
the fluences for most FRBs derived using the results in Fig. 5,
and the upper bounds on the 1σ fluence ranges for FRBs 010724
and 150807. The dashed lines indicate logN-logF functions pro-
portional to F−0.7 (Vedantham et al. 2016), and the dotted lines
indicate logN-logF functions proportional to F−3/2. Although the
fluence upper-bounds derived using Fig. 5 assume a logN-logF
function proportional to F−0.7, the higher-fluence binned trace
would simply be shifted lower or higher in fluence for steeper or
flatter logN-logF functions, respectively. The horizontal red ar-
rows indicate the FRBs detected with the AFB.
and AFB instruments; FRBs detected with the AFB are in-
dicated by red arrows. The differing sensitivities of these
instruments, attributable to different numbers of bits in
the analogue-to-digital conversion, the different bandwidths,
and different integration times, mean that the instruments
are fluence-incomplete (Keane & Petroff 2015) below dif-
ferent thresholds. This threshold is ≈ 2 Jyms for BPSR,
and ≈ 3 Jyms for the AFB. Second, it is possible that
the FRB rate varies with Galactic latitude (Petroff et al.
2014; Burke-Spolaor & Bannister 2014). Certainly, different
sky radiation-temperatures result in different sensitivities
for different pointings. The combination of FRB detections
from varied searches, even with the BPSR instrument, may
therefore result in a biased estimate of the sky-averaged
FRB logN-logF function. Given these issues, and factor of
∼ 5 uncertainty in the flux-density values, I concur with
Keane & Petroff (2015) and Vedantham et al. (2016) that
it is not useful to attempt to use the fluence measurements
to directly estimate the FRB logN-logF.
4 TYPE I, TYPE II ... TYPE N FRBS
In this paper, I have focused on the Parkes FRB sample to
attempt to ensure a consistent sample selection in my anal-
ysis. This is possible in particular with those FRBs detected
with the BPSR instrument at Parkes. However, even within
the sample of FRBs detected with BPSR, a distinction may
be made between those FRBs that are consistent with the
simple temporal structures in my Models 0–3, and the more
complex structures seen in FRBs 121002 and 130729. An-
other distinction may be made between those Parkes FRBs
that show signatures of scattering at levels stronger than
expected from their passage through the Milky Way, and
those that do not. In a broader context, the repeating na-
ture of FRB121102 is, prima facie, unique among FRBs. In
this section, I explore a selection of arguments relating to
the number of possible FRB source classes. Unfortunately,
it appears difficult at present to distinguish between an en-
tirely homogeneous population of FRB sources, FRB sources
that are physically similar but which vary in their emission
properties, and multiple independent populations of FRB
sources.
4.1 A single FRB population?
A unified class of FRB emitters must fulfil the following:
(a) they must be able to emit pulses at frequencies between
700MHz (Masui et al. 2015) and 5GHz (Marcote et al.
2017), (b) they may lie behind plasma regions with either
significant or minor scattering strength, and (c) they must
be capable of producing multiple pulses with a variety of
morphologies and luminosities that vary by a few orders
of magnitude. Neutron stars, for example, are capable of
producing such a diversity of radio-emission properties, al-
though they have not yet been empirically associated with
radiation at the luminosities ascribed to FRBs.
The large quantity of follow-up observations of the
Parkes FRB sample (Lorimer et al. 2007; Ravi et al. 2015;
Petroff et al. 2015; Ravi et al. 2016) implies that their char-
acteristic repeat rate is substantially lower than that of
FRB121102. Twelve FRBs from the Parkes sample have
been re-observed for a total of 340 h with identical instru-
mentation to the detection observations. As no repeat bursts
were detected, the 95% confidence upper limit on the num-
ber of repeat bursts expected in this time is three (Gehrels
1986). Assuming that repeat bursts within a factor of 1.5
in S/N of the original events could have been detected, the
95% confidence upper limit on the rate of such repeats for
the Parkes FRBs is 0.009 h−1. This is substantially smaller
than the rate of FRB121102 repeats within a factor of 1.5
of the peak S/N, which, assuming that 3/17 of the re-
peats fulfil this criterion (Spitler et al. 2016; Scholz et al.
2016), is ≈ 0.06 h−1. Therefore, if all FRBs were similar to
FRB121102, this object is an outlier with respect to its re-
peat rate, or its pulse-fluence distribution, or both.
Additionally, if all FRBs share a common class of emit-
ter with no significant variation in the emission properties
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across the population, the flat FRB logN-logF (Caleb et al.
2016; Vedantham et al. 2016) suggests that the emitter pop-
ulation is not uniformly distributed in the local Universe.
Instead, the population may evolve strongly with distance,
or may be observed at sufficient distance such that cosmo-
logical effects become important in relating volume to lu-
minosity distance. The substantial redshift of FRB121102
(Tendulkar et al. 2017), the localisation of FRB150807
(Ravi et al. 2016), and the large DMs of many of the Parkes
FRBs (Dolag et al. 2015) are all indicative of the cosmolog-
ical interpretation. In this scenario, the Arecibo telescope
would be expected to be sensitive to typically more distant
FRBs than Parkes, given its greater sensitivity. However,
FRB121102 has a lower redshift than may be inferred for
the Parkes FRBs with substantially larger DMs, although
relating extragalactic DM to distance is significantly uncer-
tain (Dolag et al. 2015), and this is an argument based on a
sample size of unity.
On the other hand, different FRB properties may be
manifested by different sub-types of the same class of emit-
ter. For example, young FRB emitters may emit frequent
pulses, whereas older FRB emitters may emit pulses only
sporadically. Neutron stars, for example, exhibit such evo-
lution in their pulse-emission properties. In this case, with
respect to modelling of the FRB logN-logF, the older emit-
ter population would be considered independent from the
younger population, because the intrinsic pulse luminosity-
functions of the two populations would be different. A larger
variety of FRB logN-logF slopes would then be possible, for
example if the older emitters could be observed at larger
(cosmological) distances.
4.2 Repeating FRBs in the Parkes sample?
FRB121102 is empirically unique among the FRB popu-
lation, as it is the only known repeating source of extra-
galactic radio pulses. However, the question of whether it
is truly unique in its class of emitter can be addressed
by considering the following: given the relative amounts of
time surveyed by Parkes and Arecibo for FRBs, how many
more/less repeating FRBs should Parkes have detected as
compared with Arecibo? Similar analyses have been con-
ducted by Scholz et al. (2016) and Oppermann et al. (2016),
who assumed that FRB121102 and the Parkes FRBs are
drawn from the same population, and thus found consis-
tency between the detection rates at both telescopes for a
uniformly-distributed, Euclidean-space population. Here I
assume that repeating FRBs are uniformly distributed in
Euclidean space, and calculate for each flux-density the rel-
ative number of detections above that flux density at Parkes
and Arecibo.
I use the Arecibo survey details given by Scholz et al.
(2016): 36.9 days searched, with a seven-beam system where
each beam has an Airy-function response, BAO(θ), with
3.5′ FWHM. I also use the Parkes High Time Resolution
Universe (HTRU) survey details given by Champion et al.
(2016): 152 days searched, with a 13-beam system where
each beam has an Airy-function response, BPKS(θ), with
a 14.4′ FWHM. To this I add the 106 days searched at
Parkes by the Survey for Pulsars and Extragalactic Ra-
dio Bursts (SUPERB; Keane et al. 2017) and its successors
(personal communication from E. Keane). I assume that the
Arecibo system is 13.6 times as sensitive as the Parkes sys-
tem (Champion et al. 2016; Scholz et al. 2016).
Note that my assumptions about the beam responses
are not wholly correct, because the outer beams of both
systems probe somewhat larger sky areas. This is, however,
a negligible factor given other uncertainties about survey
locations on the sky relative to Milky Way dispersion and
scattering properties, radio-frequency interference, and the
rejection of multiple-beam detections, all of which I do not
include in the analysis.
For a flux density with arbitrary units given by
B−1PKS(θ), the number of detections above this level at Parkes
is proportional to
NPKS(θ) ∝
∫ θ
0
sin θ′B
3/2
PKS(θ
′)dθ′
× (258 days)× (13 beams).
(7)
In the same units, and for a flux density given by [13.6 ×
BAO(θ
′)]−1, the number of detections above this level at
Arecibo is
NAO(θ) ∝
∫ θ
0
sin θ′[13.6 ×BAO(θ
′)]3/2dθ′
× (36.9 days)× (7 beams).
(8)
The inclusion of the effects of the telescope sky-
response extends the analyses of Scholz et al. (2016) and
Oppermann et al. (2016).
I plot NPKS/NAO in Fig. 8 for different FRB flux den-
sities, assuming FRB durations of 3ms (corresponding to
the duration of the first-detected pulse from FRB121102)
and a Parkes MBR system-equivalent flux density of 40 Jy
(Keith et al. 2010). For example, if FRB121102 always emit-
ted 1-Jy pulses of 3-ms duration, like its first-detected pulse
accounting for its detection in a primary-beam sidelobe, the
fact that Arecibo has detected one such object implies that
the HTRU and SUPERB surveys should expect to have de-
tected three similar objects. If instead FRB121102 always
emitted pulses of flux-density 0.3 Jy, Parkes should expect
to have detected just one such object.
The expected number of objects like FRB121102 in
the Parkes surveys, and likely within the existing sam-
ple of Parkes FRBs, depends on how the characteristic L-
band flux density (or fluence) of FRB121102 is specified.
Of the repeat bursts from FRB121102 detected at L-band
with Arecibo and published by Spitler et al. (2016) and
Scholz et al. (2016), only one (burst 11) likely lies above
the Parkes detection threshold. It would hence have easily
been possible for the first-detected burst from FRB121102
to be below the 0.3-Jy threshold in Fig. 8 where no Parkes
detections are expected given an Arecibo detection. An ex-
act assessment of the characteristic flux density or fluence of
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Figure 8. Number of detections of objects like FRB121102 at
Parkes above different flux densities, in the HTRU and SUPERB
surveys, relative to the number of Arecibo detections. In setting
the flux-density scale, I assume FRBs of 3-ms durations, like the
first-detected pulse from FRB121102; the red dashed line indi-
cates the nominal flux density of this pulse, accounting for its
sidelobe detection.
FRB121102 requires a better determination of the distribu-
tions of these quantities among its pulses, as well as of the
statistics of the temporal clustering (Spitler et al. 2016).
The effects of Galactic interstellar scintillation on this
analysis are modest. The transition frequency, νt, between
the strong and weak scattering regimes for the position of
the host of FRB121102 is νt = 37.9GHz (Cordes & Lazio
2002; Chatterjee et al. 2017). As the fractional diffractive
scintillation bandwidth scales as (ν/νt)
17/5 (Walker 1998),
the observing band at Arecibo will contain many scintles;
we can hence neglect the effects of Galactic diffractive scin-
tillation in the discovery of FRB121102. The modulation
index due to refractive scintillation is ∼ (ν/νt)
17/30 = 0.15
at ν = 1.4GHz; this is also negligible, in particular given
the uncertainty in specifying the characteristic flux den-
sity of FRB121102 discussed above. At Parkes, the HTRU
and SUPERB surveys cover the sky outside the Galactic
plane (Galactic latitudes |b| > 15 deg for the HTRU sur-
vey Keith et al. 2010; Champion et al. 2016) in an unbi-
ased sense. Approximately 20% of the sky has νt . 1.4GHz
(Walker 1998; Cordes & Lazio 2002), and the Parkes sur-
veys are therefore generally in the strong scattering regime.
Nonetheless, the wide fractional bandwidth of the Parkes re-
ceiving system (∼ 25%), combined with the dramatic depen-
dence of the diffractive scintillation bandwidth on frequency,
implies that special conditions are required for only a sin-
gle scintle of an extragalactic source to be present within
the Parkes band. Refractive scintillation is likely the dom-
inant effect on Parkes FRB detections, with typical modu-
lation indices of ∼ 0.5. As the probability density function
of refractive-scintillation intensity variations is only mildly
skewed (Rickett et al. 1984), the expectation for the number
of objects like FRB121102 present in the Parkes surveys is
not likely to be very sensitive to the effects of scintillation.
In fact, co-opting the argument of Macquart & Johnston
(2015), scintillation may cause a boost in the number of ob-
jects like FRB121102 detected at higher Galactic latitudes
by Parkes, relative to my analysis.
Therefore, the best interpretation of Fig. 8 that can
be presented here is that the HTRU and SUPERB surveys
at Parkes could expect to contain up to three analogues
of FRB121102, if these analogues, presumably less distant
than FRB121102, lie above the Parkes detection threshold.
The local-Universe location of these analogues suggests that
the logN-logF of this population is unlikely to be flatter than
F−3/2, as I have assumed in producing Fig. 8. The best can-
didate analogues of FRB121102 among the Parkes sample
are clearly FRBs 121002, 130729, and possibly 140514. Like
the pulses from FRB121102, these Parkes FRBs show com-
plex temporal structure, and in the cases of FRBs 130729
and 140514, spectral structures concentrated in ≈ 100MHz
bands.
5 CONCLUDING DISCUSSION
I return first to the question of how an FRB may be de-
fined. All FRBs are fundamentally bursts of radio waves
which exhibit levels of dispersion that exceed predictions
for the Milky-Way ionised ISM column density along their
specific sightlines. Beyond this, FRBs exhibit a broad diver-
sity of (dedispersed) durations, scattering signatures, flux
densities, and intrinsic temporal and spectral structures.
In this paper, I have presented an analysis of the individ-
ual properties of the sample of seventeen FRBs detected
at the Parkes telescope with the thirteen-beam L-band re-
ceiver. Eight of these FRBs show signatures of scattering
at levels significantly greater than expected from the Milky
Way, with scattering timescales at 1GHz ranging between
0.005− 32ms. After accounting for the scattering, only five
Parkes FRBs have pulse widths that are greater than ex-
pected from intra-channel smearing caused by their disper-
sions. The fluences of the Parkes FRB sample span a range
greater than 0.7− 400 Jyms.
My analysis highlights the utility of searching for FRBs
with systems that may better resolve the intrinsic pulse du-
rations, because a substantial fraction of FRBs (6/17 at
Parkes) are temporally unresolved. Such systems would re-
quire finer filterbank channel widths and better time res-
olutions than currently available, which could be achieved
using coherent dedispersion techniques or observations at
frequencies above the L-band. Better temporal resolution
will also provide a boost in S/N for short-duration FRBs.
Higher-frequency observations have the added bonus of be-
ing less affected by the temporal broadening observed in
7/17 Parkes FRBs; the characteristic spectra of FRBs are
poorly constrained, and the repeating FRB121102 has been
observed at frequencies up to 5GHz. Avoiding the effects
of scattering may again provide a boost in S/N because of
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shorter pulse durations, and may indeed provide sensitivity
to a population of FRBs that are too broad to be detected
in the L-band. Conversely, the effects of scattering must be
taken into account in predicting FRB detection rates for
lower-frequency experiments such as the Canadian Hydro-
gen Intensity Mapping Experiment (CHME; e.g., Ng et al.
2017) and the Hydrogen Intensity and Real-time Analysis
Experiment (HIRAX; Newburgh et al. 2016).
On the other hand, a search for long-duration FRBs at
all frequencies may also be fruitful. Although the number of
false candidates in single-dish observations increases rapidly
with increasing pulse duration (Burke-Spolaor & Bailes
2010), and the detection S/N decreases as the square-root
of the duration for constant fluence, such a search could
be carried out by a sensitive interferometric system such as
those being commissioned for the Jansky Very Large Array.4
There appears to be no reason to expect all FRBs to have
the “millisecond” duration often quoted in the literature,
beyond the effects of intra-channel dispersion smearing and
scattering, and the increased sensitivity to narrower pulses.
My revised estimates of FRB scattering timescales,
τ1GHz, reveal moderate evidence for a relation between
τ1GHz and the extragalactic DM (DME), similar to that
observed for pulsars in the Milky Way (Fig. 4). The one
outlier is FRB010724, which has τ1GHz = 25 ± 5ms for a
low DME = 288 pc cm
−3. The existence of such a relation,
if supported by further observations, suggests that FRBs
are predominantly dispersed in a medium within which they
are also scattered, and for which the scattering strength in-
creases for larger DM. This medium could be the ISM of
FRB host galaxies, which would imply modest FRB dis-
tances, or the IGM or intervening collapsed systems. Obser-
vations of scattering in FRBs with distance measurements,
obtained for example through localisation and the identifi-
cation of host galaxies, could resolve the nature of the scat-
tering and dispersing medium.
Although it appears that Parkes FRBs detected in in-
dividual beams of the multibeam receiver can have their
fluences constrained to within a factor of five with 95% con-
fidence, this is insufficient to directly estimate the FRB flux-
density distribution (logN-logF). My analysis is therefore
unable to distinguish between the case of a uniform dis-
tribution of FRB sources in the nearby Universe, and the
flatter logN-logF distribution expected for a cosmological or
evolving FRB population.
Finally, although the repeating FRB121102 is an out-
lier among the FRB population in its repeat rate and the low
fluences of most of its bursts, it is not demonstrably unique
in its class of progenitor. The rate of repeats within the
Parkes FRB population is lower than that of FRB121102,
and most Parkes FRBs have simpler temporal and spec-
tral structures. However, some Parkes FRBs are similar in
their morphologies to bursts from FRB121102, and statis-
tical arguments suggest that it is possible that up to three
4 https://caseyjlaw.github.io/realfast/
objects like FRB121102 have already been detected in sur-
veys at Parkes. In a broader context, it is quite possible for
all FRBs to be emitted by the same class of astrophysical
object, but for such objects at different evolutionary stages
to emit FRBs with different luminosity functions and rates.
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APPENDIX A: A SIGNAL MODEL FOR FRBS
In this section, I summarise the signal model for the Parkes
FRBs analysed in this paper, and point out specific assump-
tions that I make. The voltage signal, V , presented to the
AFB and BPSR backends at time t can be represented as
follows:
V (t) = N(t) + hIM ∗ F (t), (A1)
where N(t) is the receiver noise contribution, hIM(t) is a
filter that encapsulates the effects of the ISM and IGM on
the signal and F (t) is proportional to the measured time-
varying electric field of the FRB in a single polarisation. I
assume that the signal is unpolarised, although this is not
particularly relevant to my work. I assume that samples of
the receiver noise N(t) can be described by a time-stationary
normal distribution, with zero mean and variance σ2N (i.e.,
N (0, σ2N )). This assumption neglects the potential effects of
RFI. The FRB signal can be expressed as S(t) = A(t)M(t),
where A(t) is an amplitude envelope, and M(t) is again
Gaussian with distribution N (0, σ2M ). I further assume that
σM ≪ σN ; that is, I do not account for “self-noise” in
estimates of FRB properties because FRBs typically con-
tribute negligibly to the system temperature (although see
Ravi et al. 2016). Finally, I note that V (t) is band-limited,
and thus correlated on short timescales.
To illustrate my assumptions for the ISM/IGM effects,
consider the Fourier transform of V (t):
V˜ (ν) = N˜(ν) + h˜IMS˜(ν), (A2)
where a tilde indicates a frequency-domain quantity. I as-
sume that the ionised-medium filter h˜IM can be expressed
as the product of the standard cold, sparse plasma disper-
sion kernel, h˜DM (Hankins 1971), and the pulse broadening
function (PBF) caused by multi-path propagation, h˜PBF.
That is,
h˜IM = h˜DMh˜PBF. (A3)
The assumption that h˜DM and h˜PBF are separable is valid
for most, although perhaps not all, pulsars in the Galaxy
(Cordes et al. 2016). I assume a one-sided exponential form
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for the PBF in the time domain, corresponding to the thin-
screen scattering model (Cronyn 1970), wherein
hPBF(t) = e
−t/τH(t)n(t), (A4)
where τ is the scattering timescale, H(t) is the Heaviside
step function, and n(t) is a standard-normal random pro-
cess.
The AFB and BPSR hardware are used to estimate the
signal power at specific frequencies, ν0, within bandwidths
∆ν and times ∆t. I model this as follows:
Sˆ(ν0, t) =
∫ t+∆t/2
t−∆t/2
|g(t′) ∗ V (t′)|2dt′, (A5)
where g(t′) is the time-domain representation of the filter
corresponding to a single filterbank channel. I assume the
following form for the frequency-domain filter:
g˜(ν) =
√
2
π∆ν2
e−2(ν−ν0)
2/∆ν2 . (A6)
That is, I assume that the response of each filterbank
channel is a Gaussian function with a standard deviation
of ∆ν/2. Although this model does not accurately repre-
sent the responses of the analogue filters of the AFB or
the polyphase-filterbank channels of BPSR, it appears ade-
quate given the quality of the FRB data. The characteris-
tic impulse-response timescale of the estimates of Sˆ(ν0, t) is
therefore 1/∆ν; for both the AFB and BPSR, ∆t≫ 1/∆ν.
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